Investigating individual red blood cells (RBCs) is critical to understanding hematologic diseases, as pathology often originates at the single-cell level. Many RBC disorders manifest in altered biophysical properties, such as deformability of RBCs. Due to limitations in current biophysical assays, there exists a need for high-throughput analysis of RBC deformability with single-cell resolution. To that end, we present a method that pairs a simple in vitro artificial microvasculature network system with an innovative MATLAB-based automated particle tracking program, allowing for high-throughput, single-cell deformability index (sDI) measurements of entire RBC populations. We apply our technology to quantify the sDI of RBCs from healthy volunteers, Sickle cell disease (SCD) patients, a transfusion-dependent beta thalassemia major patient, and in stored packed RBCs (pRBCs) that undergo storage lesion over 4 weeks. Moreover, our system can also measure cell size for each RBC, thereby enabling 2D analysis of cell deformability vs cell size with single cell resolution akin to flow cytometry. Our results demonstrate the clear existence of distinct biophysical RBC subpopulations with high interpatient variability in SCD as indicated by large magnitude skewness and kurtosis values of distribution, the "shifting" of sDI vs RBC size curves over transfusion cycles in beta thalassemia, and the appearance of low sDI RBC subpopulations within 4 days of pRBC storage. Overall, our system offers an inexpensive, convenient, and high-throughput method to gauge single RBC deformability and size for any RBC population and has the potential to aid in disease monitoring and transfusion guidelines for various RBC disorders.
| INTRODUCTION
Measuring biophysical properties of individual erythrocytes, or red blood cells (RBCs) , is critical to understanding hematologic diseases, as pathology often originates at the single-cell level. An essential function of RBCs, to transport oxygen to tissues, relies on the perfusion of individual RBCs through microvascular spaces oftentimes smaller in diameter than the cell itself. The average size of a typical healthy RBC under physiologic conditions is 7.5-8.7 μm in diameter and 1.7-2.2 μm in thickness. 1 Oxygen is known to reach capillaries as small as 3 μm in diameter, thus requiring individual RBCs to compress their structures. 2 Ease of perfusion through the microvasculature depends on multiple parameters including RBC deformability, or the degree to which a cell can contort or change shape. [3] [4] [5] [6] [7] Normal RBCs are able to deform due to their geometry, cytoplasmic viscosity, and cell membrane elasticity. 7 Volumetric flow rate can also determine the type of deformation, or conformation of individual RBCs (slipper or parachute), observed while passing through microfluidic models. 8 Decreased deformability is a major manifestation of genetic hematological conditions such as sickle cell disease (SCD). 9, 10 Impaired RBC deformability can lead to serious pathophysiologic complications such as vaso-occlusion caused by aggregation of RBCs in the microvasculature. [9] [10] [11] [12] Understanding the bulk deformability characteristics of RBCs in an individual with SCD can lead to further Puneeth Guruprasad and Robert G. Mannino contributed equally to this study.
advancement in the prognosis and prevention of these vaso-occlusive events which can have multiple adverse effects such as acute episodes of pain, organ damage, and even stroke. [10] [11] [12] Elucidating deformability characteristics of RBC populations has implications for other hematologic diseases and areas of study in hematology as well.
For example, patients with beta thalassemia major, in which a genetic mutation results in significantly reduced beta-globin production, also produce RBCs with reduced deformability. 13, 14 This leads to severe anemia and subsequent dependence on RBC transfusions that may alter the patient's hemodynamic environment. 15, 16 Furthermore, in transfusion medicine, physical modification and degradation of RBCs (storage lesion) is known to occur when stored in blood banks due to accumulation of microparticles and alterations in the plasma membrane structure of the stored RBCs. [17] [18] [19] [20] RBCs in aerobic storage undergo significant hemolysis and loss of membrane stability in as few as 21 days. 17, 19, 21 These issues associated with stored RBCs have also been linked to pathological reactions, posttransfusion inflammatory reactions, and various other complications. 22, 23 Understanding the bulk RBC deformability profile in these patients and in stored donor RBC units can help us understand the importance of RBC deformability in the context of a variety of diseases and therapeutic strategies. 24 In recent years, various methods have been used to quantify the deformability of RBCs. Two commonly employed methods, the micropore filtration assay and the ektacytometry analysis, fail to accurately capture RBC deformability at the single cell level. 3 Although methods such as micropipette aspiration and atomic force microscopy can measure mechanical variations at the single cell scale, their low cell throughput cannot properly describe the entire RBC population even within a small volume blood sample. 25, 26 Common methods to analyze bulk flow velocities of blood cells include double slit photometry, laser-Doppler velocimetry, and anemometry. These methods, however, are prone to light scattering from high cell concentrations and thus lack accuracy in image processing. 27 Doppler optical coherence tomography is a modern, high resolution method that works well within larger vessels with excellent visualization of microvasculature in vivo, 28 but reconstruction of cell velocity profiles within the microvasculature causes random Doppler signals to be observed. 27, 29 Thus, the need for an easily accessible, clinically relevant technique to analyze RBC deformability with single-cell resolution still exists.
Recently, microfluidic devices that model the microvascular environment have enabled single RBC deformability measurements.
A common measurement of RBC deformability using microfluidics is transit time, or the time a cell takes to squeeze through a microcapillary channel smaller than the diameter of the cell. 30, 31 Transit time is analogous to the average linear velocity of a cell through the channel.
However, truly high-throughput measurements have remained elusive due to technical issues such as image processing inaccuracy or aberrant signaling when reconstructing RBC velocity profiles. Therefore, microfluidic devices that mimic vessel branching, shortening, and compression coupled with a simple image analysis algorithm address this issue and provide a simple solution to accurately model flow through the microvasculature. 31, 32 Multiple studies have investigated the combined use of microfluidic techniques with RBC image analysis to assess cell deformability, 12,33-38 but these systems focus on either single microchannels with low cell throughput or wide channels that measure bulk cell properties. Furthermore, these studies are limited due to the inability to accurately detect cell edges within microchannels that constrict individual cells. In addition, these studies do not report single cell deformability characteristics for bulk populations of RBCs in various hematologic conditions. The importance of single cell deformability over an average sample has been described in several studies [39] [40] [41] [42] but these do so in the context of cell elongation and fail to assess cell potential to traverse a microvasculature network in which blood flow is crucial for adequate circulation. Here, we introduce an in vitro microfluidic deformability cytometer to assess the deformability of single RBCs at high-throughput (Supporting Information Figure S1 ) with the capability to measure a distinct single cell deformability index (sDI)-defined as the average velocity in microns per second (μm/s) of a cell through a microcapillary channel-for each RBC in the context of a variety of hematologic disorders. Using this system, we are able to link the behavior of various RBC subpopulations defined by their deformability to specific disease states and treatment strategies. We couple our microfluidic device with the UmUTracker, a highly accurate particle detection program that can be run on a standard desktop, to detect the velocity profiles of large numbers of individual RBCs under various conditions as they traverse an artificial microfluidic capillary system. 32 The UmUTracker is a MATLAB based computational tool that automatically detects and tracks particles by analyzing video sequences acquired by light microscopy. 43 The program can both track cells over the course of their entire transit and differentiate between the edges of cells and the constricting microchannels. It can also measure RBC size simultaneously with RBC deformability and thus enable 2D analysis of both biophysical parameters for each cell. Moreover, the plug-and-play
nature of this open-source system potentially allows users to adapt the particle tracking algorithm and microfluidic system to answer a variety of scientific questions.
We demonstrate that this RBC deformability cytometer is a useful and multifaceted tool capable of assessing single RBC deformability and size for of a variety of hematological conditions. Specifically, we highlight the differences in RBC sDI profiles in patients suffering from RBC disorders (ie, beta thalassemia, SCD) compared with healthy control subjects. Additionally, we highlight the interpatient variability of those afflicted with these disorders, measure the relationship between RBC size and deformability in such disorders, and track the changes in the RBC deformability profile over time in a subject with transfusiondependent beta thalassemia and in stored packed RBCs (pRBCs).
| MATERIALS AND METHODS

| Microfabrication of microfluidic device
The microfluidic device used in this experiment was made from polydimethylsiloxane (PDMS) using standard soft lithography techniques ( Figure 1 ). 44 A master mold of the microvasculature network was fabricated via SU-8 photoresist patterned onto a silicon wafer. PDMS was molded over the master mold and cured at 60 C for at least 150 minutes. Inlet and outlet ports were created by punching 0.75 mm holes through the inlet and outlet channels of the device. The device was then plasma bonded onto a clean glass slide and dehydrated for >30 minutes at 60 C prior to use. 
| Artificially stiffened RBCs via glutaraldehyde
Samples of isolated RBCs from health volunteers were chemically stiffened using glutaraldehyde. 5 μL of 25% w/w glutaraldehyde in 
| Stored packed red blood samples
Three samples of pRBCs were isolated from donations of healthy individuals. Written informed consent was obtained from each volunteer (Emory University IRB 00010018). A 500 mL (AE10%) whole blood was drawn by peripheral venipuncture into CPD-containing blood collection sets (Fenwal, Inc., Lake Zurich, Illinois), stored at 2 C-6 C for 1-3 hours, leukoreduced using integral filters, and then centrifuged at 4500 RPM for 10 minutes at 4 C to pellet RBCs. Platelet-rich plasma was removed, the residual RBC pellets were mixed with additive solution, and the resulting pRBC units were transferred to a refrigerator at format of cells passing through the microcapillary network were taken using a Retiga EXI Mono Camera fitted onto an inverted Nikon Eclipse TE2000-U. The camera had a frame rate of around 9.7 fps and an exposure time of 30 microseconds (μs).
| Computational analysis-UmUTracker
Velocity distributions of RBC perfusion through the microfluidic capillary network were measured using the UmUTracker MATLAB program. 18 The UmUTracker directly processed video footage and , and the frame rate of the camera being used in frames per second. False positives of tracked cells were prone to occur with poor microscope resolution, lighting, or adequate initial cell contrast to the background of the microfluidic bed. Thus, particles that were tracked for <50 μm of linear travel were considered to produce a poor "edge response" and thus discarded from cell counts. The effective diameter or cell size of an RBC was calculated through the average of its major and minor axis length. Velocity histograms were created for each condition, and density-colored scatter plots (DCSPs)
for particle velocity vs cell diameter were created as well.
| Code availability
The open-source particle tracking software used in this manuscript can be found at https://github.com/rmannino3/DeformabilityCytometer.
| RESULTS
In order to validate the ability of our system to determine a given RBC population's profile of single sDIs, we perfused various populations of RBCs that were artificially stiffened and known to be less deformable than healthy control cells through our microfluidic system. This region between days 8 and 12. These results also indicate that while stored pRBCs showed an expected drop in mean sDI over time, our system detected notable shifts in peak sDI over only 4-day intervals.
The shifting of subpopulations across sDI regimes for the given pRBC unit is further quantified in the final panel of Figure 3A , in which the percentage of cells in a sample within the "Low sDI" region rises sharply over time. In addition, analysis of the skewness and kurtosis of each stored unit's data does not show notable trends.
The sDI profiles of RBCs taken from a subject with transfusiondependent beta thalassemia were assessed over 2 transfusion cycles ( Figure 3) . The sDI data demonstrate that each time the beta thalassemia patient was transfused, the peak sDI shifted to the right, as indi- 
| DISCUSSION
Here, we have demonstrated that an accessible computational method, which can be easily operated on any desktop computer, paired with a robust microfluidic device has the high-throughput capability to detect is now an integral part of patient care and diagnosis. 54, 55 We conjecture that for transfusion-dependent thalassemia patients, our method with its flow cytometry-like DCSPs may enable detection of which specific donors are best for specific individual patients.
Our combined microfluidic/image analysis system can also correlate an individual RBC's effective diameter with its deformability. with varied deformabilities, and the underlying mechanisms for these differences.
